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Abstract 
Ceria is one of the rare earth metals having Oxygen Storage Capacity (OSC) characteristics, and it is widely used in Three-
Way-Catalysts (TWC). Though Ceria has attractive properties, there are some inherent problems including limited OSC and 
thermal stability. In order to overcome the limitations of Ceria, an attempt is made to optimize the composition of CexZr1-xO2 
(0.4  x  0.8)
 
(CZ) based on the OSC. The formation of homogenous solid solution, the lattice defect, cubic fluorite structure 
and OSC band of CZ were studied by suitable techniques. Thermogravimetric analysis was used to calculate the OSC of CZ 
solid solution with cyclic heating and cooling up to 800°C. It is concluded that OSC of CexZr1-xO2 was varied from 0.0435 to 
0.1469 μmol/gram of CeO2. Based on the highest OSC, Ce0.6Zr0.4O2 was confirmed to be a best solid solution among all the 
tested composition of CZ. 
© 2013 The Authors. Published by Elsevier Ltd. Open access under CC BY-NC-ND license. 
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1. Introduction 
The ability to store/release Oxygen made Ceria as an essential element for many applications. It has been 
widely investigated because of its potential usage in three-way catalysts (TWC), electrolyte materials and an 
insulating layer, Liu et al. (2011). The Oxygen storage capacity (OSC) of a material is the ability of it to reversibly 
accept or release the Oxygen during its rich or lean environment. When Ceria is used as a catalyst, it stores Oxygen 
during the reduction process and releases Oxygen during the oxidation process because of its ability to switchover 
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between Ce4+ and Ce3+ oxidation states, Wang et al. (2006). However, it has the risk of sintering and losing its 
activities including OSC at high temperature, Ming et al. (2010).  
Thus, the incorporation of transition metals such as Zr has been made to overcome the limitation of Ceria. 
Zirconia has been proved to be an excellent dopant to increase the mobility of bulk Oxygen and prevent the high 
temperature sintering of Ceria, Crozier et al. (2008). The nanostructured Ceria-Zirconia (CZ) solid solutions have 
been synthesized by various techniques. The homogenous solid solution with stable cubic fluorite structure, which 
favors higher OSC, was generally obtained by chemical synthesis technique than the physical mixing process. 
There are many synthesis technique in chemical route such as co-precipitation method, Xiaodong et al. (2006), sol-
gel method, Gateshki et al. (2007),    ultramolecular membrane assistance reaction method, Meng et al. (2010), and 
others. Among all the chemical processing technique to synthesize CZ solid solution, sol-gel method is found to be 
more effective, Zhang et al. (2007).  
The OSC of the catalysts was measured by Temperature Programming Reduction (TPR) technique, Kim et al. 
(2007), pulse injection technique, Masui et al. (2006) and thermogravimetric analysis (TGA), Ozawa et al. (2000). 
Compared to all available methods, TGA is a simple and convenient technique to measure OSC of the Ceria based 
materials, Bazin et al. (2009). Chuang et al. (2009) used TGA technique to characterize the OSC by monitoring the 
weight loss of the sample under cyclic heating. Though there were very few reports about the measurement of OSC 
using TGA technique, none of them, according to author´s knowledge, discussed about the optimum ratio of Ce/Zr 
in CexZr1-xO2 solid solution in order to obtain the highest OSC. Hence, an attempt has been made to synthesis CZ 
solid solution by sol-gel method to optimize the composition of CexZr1-xO2 on the basis of OSC measured by TGA 
technique. 
 
Nomenclature 
OSC Oxygen storage capacity (μmol/gram of CeO2) 
CZ Cerium-Zirconium 
TWC Three way catalysts 
2. Materials and Methods 
Cerium (III) nitrate hexahydrate (Ce(NO3)3.6H2O, Aldrich, 99%) and Zirconium oxychloride (ZrOCl2, 
Lobachemie, 99%) were used as precursors. Ammonium hydroxide (NH4OH, Merck, 30% GR) and Citric Acid 
(C6H8O7) were used as a pH adjuster and a gel forming agent, respectively. 
CexZr1-xO2 was synthesized by sol-gel method as suggested by Zhang et al. (2007) and it is briefly discussed 
here. Cerium (III) nitrate hexahydrate and Zirconium oxychloride with desired molar ratio were taken and both 
were mixed well in distilled water using a magnetic hot plate stirrer for 30min. The pH value of the solution was 
increased up to 6 by dropping NH4OH using microfluidics pump at room temperature. The mixture was subjected 
to heating at 60°C for 30 min. and further heated to 70°C with continuous stirring. A transparent gel was formed at 
the end of the process, which was ignited in a muffle furnace in the static air environment at 350°C. Then, the 
product was collected and agitated using mortar and pestle to get fine powder of CexZr1-xO2. The samples were 
designated as follows: Ce0.4Zr0.6O2-CZ1, Ce0.5Zr0.5O2-CZ2, Ce0.6Zr0.4O2-CZ3, Ce0.7Zr0.3O2-CZ4 and Ce0.8Zr0.2O2-
CZ5. 
3. Characterization of CexZr1-xO2 solid solution 
X-Ray diffraction (XRD) patterns of CZ solid solution were recorded using a Bruker D8 advanced powder 
diffractometer having the diffracted beam monochromated Cu-KĮ (1.5406Å) radiation source. The samples were 
loaded on a zero background quartz plate and the intensity data were collected over a 2ș range of 10 to 75º with the 
scanning rate of 0.02°/min. and the step time of 1s. The crystalline phases of the sample were identified by 
comparing the reference data obtained from the JCPDS file. The mean crystallite size and d-spacing of CexZr1-xO2 
solid solution were estimated using the Scherrer equation and Bragg`s law, respectively, where the particle shape 
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factor was assumed to be 0.894. Raman spectra of the test samples were recorded using a laser micro Raman 
(Jovin Yvon, Triax 550) excited at 514 nm blue laser (Argon). High resolution TEM images of the sample were 
obtained from the JEOLJEM 2100 instrument at an accelerating voltage of 200 kV. The OSC of CexZr1-xO2 was 
evaluated using thermogravimetry technique by Netzsch (STA 449F3) instrument under cyclic heating in Argon 
environment in the temperature range of 573-1073K. The heating and cooling rates were maintained at 10ºC/min. 
The weight loss of the sample during second heating cycle was used to calculate the OSC of the CexZr1-xO2 solid 
solution using the following equation, Ozawa et al. (2000). 
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4. Results and Discussion 
4.1. Formation of CexZr1-xO2 Solid solution 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.  Influence of Ce/Zr ratio on XRD pattern 
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The XRD patterns of CexZr1-xO2 solid solution prepared by sol-gel technique are shown in Figure 1. The 
diffraction patterns corresponding to four strongest peaks of fluorite-structured CexZr1-xO2 were varied from 28 - 
29, 33-34, 47-48 and 54-57° corresponding to (111), (200), (220) and (311) plane, respectively. It is observed that 
the major peak of CexZr1-xO2 was shifted towards lower angle side with an increase of Ce/Zr ratio. The obtained 
peaks were found to be slightly deviated from the JCPDS 34-0394 of cubic CeO2 standard, which indicated that 
Zr4+ was inserted on the lattice of CeO2 and it is due to the presence of Ce3+ ions in the CeO2 lattice. The formation 
of a solid solution was confirmed between the CeO2 and ZrO2 in CZ, which is due to the fact that the smaller ionic 
radius of Zr4+ (0.84Å) occupied the position of larger ionic radius (0.97Å) of Ce4+. It is also observed that JCPDS 
38-1436 is well matched for Ce0.5Zr0.5O2 (CZ-2) and it confirms the tetragonal phase of the solid solution.   
 Table 1. Influence of Ce/Zr ratio on crystal size and Oxygen storage capacity 
 
 
 
 
 
 
 
 
 
 
The crystallite size of CexZr1-xO2 based on the diffraction peak broadening and d-spacing was summarized in 
Table 1. The lattice parameter calculated from the (111) reflection increased from 5.344 to 5.418 Å. The crystallite 
size of the CZ estimated from Scherrer equation varied in the range of 5.629 to 7.465 nm. It was found that the 
lattice parameter and the crystallite size were found to be influenced by the ratio of Ce/Zr in CZ solid solution. The 
shrinkage of the CZ lattice was also observed compared that of CeO2, which is about 5.42Å, Deshpande et al. 
(2004). The lattice expansion of Ceria was formed due to the large difference between the ionic dimension of Ce4+ 
(0.97Å) and Ce3+ (1.03Å). It is observed that the phase structure of CZ solid solutions was confirmed from the 
XRD data and the JCPDS data, where CZ2 is observed to show the transition point between tetragonal to cubic 
phase. It is also observed that CZ1 and CZ2 showed tetragonal phase structure whereas CZ3, CZ4 and CZ5 are 
observed to show cubic phase structure. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. TEM images of Ce0.6Zr0.4O2 with different scale 
 Crystal size (nm) d-spacing (Å) Lattice parameter 
(Å) 
į (OSC) 
μmol/g of CeO2 
CZ-1 5.629 2.986 5.344 0.043 
CZ-2 6.238 3.046 5.381 0.122 
CZ-3 7.465 3.067 5.418 0.147 
CZ-4 5.928 3.109 5.400 0.131 
CZ-5 7.459 3.109 5.418 0.102 
b a 
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The TEM images of Ce0.6Zr0.4O2 samples synthesized via sol-gel method are shown in Figure 2 with different 
scaling. It is observed from Figure 2a and Figure 2b that the particles were found to be spherical shape and the size 
of the particle was observed to be less then 8 nm confirming the observation made using XRD. It is also observed 
that the shape and size of the Ce0.6Zr0.4O2 were found to be uniform, where not much variation was observed. 
 
4.2. Confirmation of OSC band 
Figure 3 shows the Micro-Raman analysis of the test samples. The peaks observed at 465 and 475 cm-1 
correspond to the cubic fluorite structure of CeO2, which can be regarded as a symmetric M-O (M = Zr, Ce) 
stretching, Monte et al. (1998). In case of the ZrO2, the peaks in Raman spectra are observed from 170 to 200, 265, 
313, 460, 600 and 645 cm-1 confirming the presence of monoclinic and tetragonal phases, Prasad et al. (2009). A 
peak observed around 301 cm-1 for CZ-1 confirmed its monoclinic and tetragonal phase. A single broad band 
appeared around 470 cm-1 in CZ samples is attributed to their cubic fluorite structure and the intensity of the band 
was found to be increased with CeO2 content. A continuous shift in the band position towards lower wavelength 
with an increase of the CeO2 content is an agreement with an increase of d-spacing observed by XRD. A shift 
observed around 620 cm-1 in all the samples was attributed to a non-degenerate Raman inactive longitudinal optical 
mode of CeO2, Prasad et al. (2009).  The appearance of the said band is due to the presence of Oxygen, which 
perturbed the local M-O bond chemistry leading to the relaxation of its symmetry. The band is observed due to the 
nano-sized CexZr1-xO2 oxides in which a larger amount of defective sites was confirmed and it helped to improve 
the redox performance of the solid solutions.  The results obtained from the Raman spectra are found to be 
consistent with the results obtained from the XRD patterns of CexZr1-xO2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Influence of Ce/Zr ratio on the Raman spectra 
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4.3. Thermogravimetry Analysis 
The solid solution of CexZr1-xO2 was heated from 30 to 800°C and cooled up to 150°C. The sample was once again 
heated up to 800°C. The heating cycle of CZ3 solid solution is shown in Figure 4. The weight loss observed during 
the second heating cycle was used to calculate the OSC of CZ solid solution as described by Ozawa et al. (2000). 
The major volatile and moisture content present in CexZr1-xO2 were evaporated during the first heating. It is 
observed from the results of CZ solid solution that the OSC of the sample was found to be increased with Ce/Zr 
ratio, and it is found to be maximum for the sample of Ce0.6Zr0.4O2, which is due to its stable cubic fluorite 
structure.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
. 
 
 
 
 
Figure 4. Thermogravimetric analysis of Ce0.6Zr0.4O2 during cyclic heating and cooling 
 
5. Conclusion 
The nanostructured CexZr1-xO2 solid solution was prepared via sol-gel synthesis technique and characterized using 
suitable techniques, where the formation of homogenous solid solution and the presence of lattice defects were 
confirmed. The OSC of the Ce0.6Zr0.4O2 nanostructured solid solution is observed to be 0.1469 μmol / g of CeO2, 
which is found to be maximum among all CZ solid solution. It is also concluded that the optimized Ce/Zr ratio in 
order to get the maximum OSC is found to be 1.5. As the crystallize size of CZ solid solution is found to be in the 
range of nanoscale, it is not found to have any influence on the OSC. 
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